Endothelial function is impaired in essential hypertension. T-type but not L-type voltage-gated Ca
Introduction
Atherosclerosis, which results in coronary heart diseases and stroke, is one of the main factors contributing to complications of hypertension. Endothelial dysfunction is recognized to be the first step of atherosclerosis (1) and may be involved in the development of cardiovascular and cerebrovascular diseases. Endothelium-dependent vascular relaxation has been found to be impaired in brachial (2, 3) , renal (4) , and coronary arteries (5) of patients with essential hypertension, since oxidative stress causes a reduction in NO availability. Moreover, endothelial dysfunction and oxidative stress are predictors of cardiovascular events (6) . It is important for the establishment of an appropriate therapeutic strategy to determine whether or not antihypertensive treatment improves endothelial dysfunction in addition to lowering blood pressure in patients with essential hypertension.
Ca
2+ channel blockers are most frequently used as antihypertensive drugs (7) , and much interest has been shown in their effects on endothelial function. However, the effects of Ca 2+ channel blockers on endothelial function are controversial (8−12) . Negative findings regarding Ca 2+ channel blockers may be expected due to the finding that vascular endothelial cells lack L-type Ca 2+ channels. Recently, T-type Ca 2+ channels have been detected in vascular endothelial cells (13−15) , although their roles have not been clarified. In the present study, in order to determine the role of T-type Ca 2+ channels in vascular endothelial cells, the effects on the endothelium-dependent vasodilation of brachial arteries exerted by efonidipine, a T-type and L-type Ca 2+ channel blocker (16) , and nifedipine, an L-type Ca 2+ channel blocker, were comparatively studied in patients with essential hypertension.
Methods

Subjects
We recruited 40 Japanese patients (26 men and 14 women; mean age, 55 ±11 years old) with mild to moderate essential hypertension. Hypertension was defined as systolic blood pressure of > 140 mmHg and/or diastolic blood pressure of > 90 mmHg, measured on at least 3 different occasions while subjects were in a sitting position. Measurements were performed in the outpatient clinic of Hiroshima University Hospital. Patients with secondary forms of hypertension were excluded on the basis of appropriate clinical, biochemical, and radiological examinations. None of the patients had diabetes mellitus, hypercholesterolemia, liver disease, or renal failure. Patients with a medical history of cardiovascular or cerebrovascular disease were excluded from the study. As a control group, twenty healthy normotensive individuals (13 men and 7 women; 54±10 years old) were recruited from among members of the medical staff and people undergoing annual examinations. Normal blood pressure was defined as a systolic blood pressure of less than 130 mmHg and a diastolic blood pressure of less than 80 mmHg. The normotensive control individuals had normal findings on physical and laboratory examinations. The study protocol was approved by the Ethics Committee of Hiroshima University Faculty of Medicine. Informed consent for participation in the study was obtained from all subjects.
Treatment Protocol
No patient had a history of antihypertensive treatment before the study. Hypertensive patients were randomly assigned in a double-blind fashion to treatment with efonidipine or nifedipine-controlled release (CR). A 4-week run-in period with a placebo was followed by a 12-week treatment period. During the first 4 weeks of the active treatment period, patients were treated with single daily doses of efonidipine (20 mg) or nifedipne-CR (20 mg) in the morning. When diastolic blood pressure was found to be >85 mmHg or a decrease of <10 mmHg was seen at the end of the first 4 weeks, doses were increased to 40 mg during the following 4-week period.
Ultrasound Studies of the Brachial Artery
High-resolution ultrasound (Philips, SONOS 550, Amsterdam, The Netherlands) and a broad-band (multiple frequency: 8−15 MHz) linear array transducer (Philips, 15-6L) were used to measure arterial diameter in response to increased flow (flow-mediated vasodilation: FMD) and in response to nitroglycerin (NTG) spray (400 μg) as previously described (17) . The study began at 9:00 AM after the subjects had completed an overnight fast. All smokers abstained from smoking for at least 3 h before the forearm vessel study.
Increased flow was then achieved by inflation of a pneumatic tourniquet placed around the forearm to a pressure of 250 mmHg followed by rapid cuff deflation after 5 min. Flow was calculated based on velocity and vessel diameter. Reactive hyperemia was calculated as the maximum flow after cuff deflation.
Laboratory Analyses
Routine chemical methods were used to determine serum concentrations of cholesterol, triglyceride, creatinine and glucose. The urinary concentrations of 8-hydroxy-2′-deoxyguanosine (8-OHdG) were assayed by an enzyme-linked immunosorbent assay (ELISA) with the use of 8-OHdG kits (Nihon Yushi, Tokyo, Japan). The serum concentrations of malondialdehyde-modified low-density lipoprotein (LDL) were also assayed by ELISA (antimalondialdehyde-modified LDL antibody, SRL, Tokyo, Japan).
Statistical Analysis
Results are presented as means±SD. Values of p< 0.05 were considered significant. The Mann-Whitney U test was used to evaluate differences between normotensive controls and essential hypertensive patients, and between the efonidipine and the nifedipine groups in parameters at baseline before treatment. Comparisons between treatment groups with respect to changes in parameters were performed with adjusted means by ANCOVA using the baseline data as covariates.
Results
Clinical Characteristics and Vascular Studies to Compare Hypertensive Patients and Normotensive Controls
The clinical characteristics of normotensive individuals (n= 20, 13 men and 7 women; mean age: 54±10 years old; age range: between 40 and 67 years old) and hypertensive patients (n= 40, 26 men and 14 women; mean age: 55±11 years old; age range: between 41 and 70 years old) are summarized in Table 1 . Blood pressure, serum malondialdehydemodified LDL and urinary 8-OHdG excretion were significantly greater in patients with essential hypertension than in normotensive controls. The results for the other parameters were similar in the two groups. Vascular studies of normotensive controls and hypertensive patients are shown in Table 2 . Baseline diameter and blood flow of the brachial artery were similar in normotensives and hypertensives. FMD was significantly lower in patients with essential hypertension than in normotensive controls, whereas the response to NTG was similar in the two groups. The ratio of response to intrinsic NO/response to exogenous NO (FMD/NTG) was considered as the endothelial function index, which was significantly lower in hypertensives than in normotensives.
Effects of Efonidipine and Nifedipine on Baseline Clinical Characteristics
Using a double-blind, randomized, and parallel method, 40 patients were divided into an efonidipine group (n= 20, 13 men and 7 women; mean age: 56±11 years old) and a nifedipine group (n= 20, 13 men and 7 women; mean age: 55±10 years old). No patients in either group withdrew. To achieve blood pressure control, 20 patients received an efonidipine dose of 25.0±8.9 mg/day and 20 patients received a nifedipine dose of 24.0±8.2 mg/day. There were no significant differences in age or gender between the two groups. The average of blood pressure level and severity of hypertension were similar in the two groups. The baseline values for the other parameters in the efonidipine and nifedipine groups at the beginning of the treatment period were similar, as shown in Table 3 . As based on the results of echocardiography (left ventricular mass index >110 g/m 2 for women and >134 g/m 2 for men), left ventricular hypertrophy was present in 6 patients in the efonidipine group and 7 patients in the nifedipine group. Five patients with apparent proteinuria (> 30 mg/dl) were in the efonidipine group and 5 in the nifedipine group. Two patients in each group were current smokers. The effects of efonidipine and nifedipine on the baseline values of the parameters are shown in Table 3 . After 12 weeks, the magnitude of decrease in blood pressure in the efonidipine and nifedipine groups was similar. Blood pressure was significantly reduced with efonidipine treatment, i.e., from 152±14/92±7 to 132±13/81±6 mmHg (all p< 0.01) and with nifedipine treatment, i.e., from 153±14/ 93±7 to 130±12/80±6 mmHg (all p< 0.01). Other parameters such as lipid and glucose metabolism remained unchanged by either of the antihypertensive treatments. The serum concentration of malondialdehyde-modified LDL and urinary excretion of 8-OHdG were significantly reduced by treatment with efonidipine (p< 0.05) but remained unchanged by nifedipine treatment.
Vascular Studies at the Beginning and End of the 12-Week Treatment Period
Basal diameter, basal blood flow, hyperemic blood flow, FMD, and the response to NTG at the beginning of the treatment period were similar in both the efonidipine and nifedipine groups, as shown in Table 4 .
Basal diameter and basal blood flow of the brachial artery were increased by both types of antihypertensive treatment. The increases in these parameters with treatment were similar in the efonidipine and nifedipine groups. Hyperemic blood flow did not change with either treatment. FMD was decreased by nifedipine, but was not changed by efonidipine treatment. The response to NTG was significantly reduced by both efonidipine and nifedipine. The magnitude of decrease in the response to NTG in the two treatment groups was similar. The endothelial function index was significantly enhanced by efonidipine treatment, but this value did not change with nifedipine treatment. The change in the endothelial function index was not associated with either pre-treatment blood pressure or the presence of target organ damage (left ventricular hypertrophy or proteinuria).
Discussion
The ultimate goal of antihypertensive treatment is the prevention of cardiovascular and cerebrovascular complications of hypertension. According to the response-to-injury hypothesis (1), endothelial dysfunction is the first step of the process leading to atherosclerosis and may be involved in the pathogenesis of target organ damage resulting from hypertension. Therefore, the use of antihypertensive agents a therapeutic strategy appears to be important both for the improvement of endothelial dysfunction, as well as for the reduction of blood pressure in patients with hypertension. Although there have been several reports on the effects of Ca 2+ channel blockers on in vivo endothelial function, these results have remained controversial (8−12) .
In the present study, endothelial dysfunction was improved by efonidipine, a T-type and L-type Ca 2+ channel blocker, but remained unaffected by nifedipine, an L-type Ca 2+ channel blocker. These findings suggest that the inhibition of T-type Ca 2+ channels may enhance the release of vasodilatory factors from endothelial cells. It has been reported that mibefradil, a T-type Ca 2+ channel antagonist withdrawn from the market, potentiated endothelium-dependent relaxation in the rings of arteries from animals (18, 19) . This finding is similar to the present findings. Therefore, T-type Ca 2+ channels may play an important role in the physiology of the vascular endothelium. In fact, T-type Ca 2+ channels have been detected in endothelial cells (13−15) . The ability of efonidipine to reduce levels of platelet and monocyte activation markers in hypertensive patients with diabetes (20) can be explained by its beneficial effects on endothelial function.
L-type voltage-dependent Ca 2+ channels are widely distributed in heart muscle, smooth muscle, and skeletal muscle; these channels are known to be involved in the excitementcoupling contraction of muscles. In contrast, little is known about T-type Ca 2+ channels, except that they are present in sinoatrial node cells and Purkinje cells, and they are involved in the pacemaker function of the myocardium (21, 22) . Recently, T-type Ca 2+ channels were found in the vasculature (13−15, 23, 24) . However, the physiological roles and the mechanisms of action of this channel in the vasculature have not been clarified. Therefore, in the present study, it remained difficult to speculate about the precise mechanism by which efonidipine becomes involved in the vasodilatory response of the brachial artery. The second finding of note in the present study was that efonidipine, but not nifedipine, reduced the levels of urinary excretion of 8-OHdG and the serum concentration of malondialdehyde-modified LDL, both of which act as indexes of oxidative stress. The compound 8-OHdG is one of the most common markers used for evaluating oxidative DNA damage, and it is a product formed by the specific attack of a hydroxyl radical on DNA (25) . Several studies have suggested that oxidative DNA damage is enhanced in some forms of hypertension (26) . The concentration of malondialdehyde-modified LDL has been proposed as the biologic signature of clinical LDL oxidation and has been reported to be higher in patients with essential hypertension than in normal controls (27) . Therefore, one possible mechanism to account for the ability of efonidipine to improve vascular endothelial dysfunction in patients with essential hypertension would be a reduction of oxidative stress, which can otherwise directly injure the endothelium. Several studies have demonstrated the free radical scavenging activity in vitro of certain Ca 2+ channel blockers (28−30) . The effects of efonidipine might be accounted for by a direct activity, other than Ca 2+ channel blockade, on the endothelium.
In the present study, both efonidipine and nifedipine were shown to increase the baseline diameter of the brachial artery, possibly via an antagonism of the L-type Ca 2+ channels of vascular smooth muscle cells, and both drugs attenuated the response of the brachial artery to exogenous NO from NTG. A potential factor that can confound the interpretation of the FMD is the baseline diameter (31) . Namely, if the baseline diameter changes, the resulting percent change in diameter may be affected. An increase in baseline diameter by dihydropyridines may contribute to a decrease in response to another vasodilating factor. In the experimental setting, the decrease in FMD induced by nifedipine may have reflected a change in resting tone, and not a reduction of endothelial function. Therefore, in the present study, endothelial function was assessed according to the endothelial function index, as calculated by the ratio of the FMD to the response to NTG, because the effect of a vascular response to NO could be ruled out. It was thus possible to safely evaluate the effects of the two different Ca 2+ channel blockers on endothelium function. In conclusion, the present study is the first to demonstrate the specific effects of a T-type Ca 2+ channel blockade on in vivo endothelial function. Efonidipine, a T-type and L-type Ca 2+ channel blocker, was found capable of reversing endothelial dysfunction in patients with essential hypertension, whereas nifedipine, an L-type Ca 2+ channel blocker, had no such ameliorative effect on endothelial function. This finding is expected to be useful for the selection of antihypertensive agents among dihydropyridines when hypertensive patients have a disturbance in endothelium-dependent vasodilation.
